Abstract: Obesity and type 2 diabetes have both rapidly increased during the last decades and are continuing to increase at an alarming rate worldwide. Obesity and impaired glucose homeostasis are closely related, and during the last decades of investigation about vitamin D, several clinical and epidemiological studies documented an inverse correlation between circulating vitamin D levels, central adiposity and the development of insulin resistance and diabetes. The insufficient sun exposure and outdoor activities of obese individuals, the storage of vitamin D in adipose tissue, because of its lipophilic properties, and the vitamin D-mediated modulation of adipogenesis, insulin secretion, insulin sensitivity and the immune system, are the main reasons for the close relationship between obesity, glucose homeostasis and hypovitaminosis D. Then objective of this review is to explore the pathophysiological mechanism(s) by which vitamin D modulates glycemic control and insulin sensitivity in obese individuals.
Introduction
Type 2 diabetes (T2DM) and obesity are both rapidly increased during the last decades and are continuing to increase at an alarming rate worldwide. The World Health Organization recently stated that 90% of all cases of diabetes refer to T2DM, and that worldwide about 15 million subjects are affected by T2DM, and this number might be doubled by 2025 [1] .
Obesity and T2DM are closely related, since some altered obesity-induced conditions, such as excess of fat mass, systemic low-grade inflammation, altered insulin intracellular signaling and pancreatic β cells dysfunction, are involved in both insulin resistance and T2DM development [1, 2] .
Based on recent evidence, hypovitaminosis D seems to play a part in the pathogenesis of a large number of metabolic diseases, both in children and adults, and in particular an association between vitamin D deficiency and insulin resistance was proposed, as well as a potential role of hypovitaminosis D in the development of T2DM in obese subjects [1] [2] [3] . In fact, in addition to the recognized calciotropic effects, vitamin D is essential for the modulation/regulation of the immune system, pancreas, liver, skeletal muscle and adipocytes (Table 1) , and several clinical studies demonstrated that vitamin D supplementation in subjects with T2DM and metabolic syndrome improves lipid profile, glycated hemoglobin (HbA1c) and insulin sensitivity (HOMA-IR) [1] .
Although the association between hypovitaminosis D and obesity-induced metabolic disorders is well known, to date the mechanisms of this relationship are not completely clarified. The objectives of this manuscript are to revise the studies on the association between vitamin D status and obesity and obesity-induced insulin resistance, and to explore the pathophysiological mechanism(s) by which vitamin D modulates insulin sensitivity and glycemic control in obese individuals. VDR: vitamin D receptor. 1,25(OH) 2 D inhibits cell differentiation, the expression of PPAR and other adipocyte marker genes (Lpl, Pck2, Scd) in porcine derived preadipocytes. [8] Vitamin D reduces murine mesenchymal cells differentiation into adipocytes. [9] 1,25(OH) 2 D suppresses the expression of UCP2 in human adipocytes through the nuclear VDR activation. [10] Vitamin D is essential in maintaining extracellular calcium concentrations and calcium influx into β-cells for insulin secretion; VDR signaling may play a direct role in glucose-induced insulin secretion.
[11]
VDR signaling promotes insulin-stimulated glucose uptake in skeletal muscle, adipose tissue and liver. [12] 1,25(OH) 2 D directly activates the transcription of insulin receptor gene and increases the expression of the insulin receptor, both in humans and animal models. [13] [14] [15] 1,25(OH) 2 D upregulates the expression of GLUT-4 in skeletal muscle and promotes its translocation in animal model adipocytes. [16, 17] Vitamin D inhibits the NF-κβ pathway, shifting T-helper cells towards the anti-inflammatory TH2 subset; decreases the expression of toll-like receptor 4 (TLR-4); decreases the maturation of dendritic cells.
[ [18] [19] [20] [21] [22] 
Vitamin D Deficiency and Obesity
Obesity is a pathological state characterized by an excessive body weight due to an accumulation of fat mass, caused by a food addiction, genetic mutations, sedentary life style, endocrine disorders and poor nutritional status. It is universally accepted that obesity represents a worldwide health problem since it is associated with comorbidities, such as metabolic syndrome, diabetes, hypertension, pulmonary diseases, non-alcoholic fatty liver disease, renal disease, cardiovascular disease, skeletal alterations and cancer. Moreover, obesity is also often linked with low levels of serum vitamins, including vitamin B1 (thiamine), folate and vitamin D [4, 23, 24] .
During the last 3 decades of investigation regarding vitamin D, including its metabolism and its skeletal and extra-skeletal functions, several epidemiological and clinical studies have documented an inverse correlation between circulating vitamin D levels, central adiposity and the development of obesity [25] [26] [27] , as well as an association among low levels of circulating 25-hydroxyvitamin D (25(OH)D), obesity and metabolic syndrome, both in children and adults, and regardless of ethnicity and geographical area [18, [28] [29] [30] [31] . Moreover, some studies demonstrated that the association between obesity and hypovitaminosis D is independent of vitamin D supplementation and dietetic differences, and have concluded that the risk of vitamin D deficiency is amplified in overweight and obese individuals more by the excess adiposity than insufficient intake [29] [30] [31] [32] . However, up to now, the correlation between poor vitamin D status and several variables, such as high fat mass, sun exposure, food intake and exercise, have not been precisely determined. Probably, in obese subjects, the insufficient sun exposure and outdoor activities and the altered expression of the vitamin D receptor (VDR) among adipose tissue could represent the principal factors of the association between obesity and vitamin D deficiency [33] [34] [35] .
The genomic responses to vitamin D result from the stereospecific interactions between its active metabolite (1,25(OH) 2 D) with its intracellular VDR, a member of the superfamily of the steroid hormone receptors. Then, after binding to the hormone, VDR forms a heterodimer with the retinoid-X receptor (RXR) that binds to specific vitamin D response elements (VDREs) on DNA sequences leading to expression or trans-repression of some gene products [36] . Indeed, VDR modulates the expression of several genes, which regulate calcium/phosphate homeostasis, cellular proliferation and differentiation and immune response [37] , and modulates glucose tolerance and insulin sensitivity since it is expressed by pancreatic β-cells [37] [38] [39] , adipose tissue [40] and skeletal muscle [41] .
Adipogenesis is the process by which different events lead to the differentiation of preadipocytes in mature adipocytes and, interestingly, hypertrophy of adipocytes is the cause of increased adiposity, leading to obesity. In vitro experiments performed 30 years ago demonstrated that vitamin D could inhibit adipogenesis and that triglyceride accumulation was blunted by 50% in 3T3-L1 preadipocytes exposed to 1,25(OH) 2 D, compared to the unexposed cells [5, 6] . Subsequent studies reported that Cyp27b1, the gene that encodes the enzyme converting 25(OH)D to 1,25(OH) 2 D, is expressed in fat tissue of rodents and humans [7] , and that vitamin D inhibits adipogenesis through a mechanism involving the peroxisome proliferator-activated receptor gamma (PPARγ) and VDR in a competitive manner [4] . PPARγ shares a mutual heterodimeric binding partner, RXR, with VDR, and an increased expression of VDR correlates with a reduction in PPARγ-induced adipogenesis and with a decreased mitotic clonal adipocyte population [4] . Moreover, a study on porcine derived preadipocytes has shown that 1,25(OH) 2 D inhibits cell differentiation and the expression of PPARγ and other adipocyte marker genes (Lpl, Pck2, Scd) [8] , and a study conducted on murine mesenchymal cells treated with 18 × 10 12 mol/L vitamin D reported decreased differentiation of adipocytes from bone marrow derived-cells [9] .
VDR is also implicated in the regulation of thermogenesis, since it directly controls the uncoupling protein 1 (UCP1) and uncoupling protein 2 (UCP2). In particular, the expression of UCP2 in human adipocytes, which seems to play a role in the pathogenetic mechanisms of insulin resistance and diabetes development, is significantly blunted by 1,25(OH) 2 D through the nuclear VDR activation [10] . Moreover, a clinical study reported a decrease in body weight and fat mass by a low energy diet and vitamin D supplementation [42, 43] , while in an in vivo murine model, vitamin D supplementation prevented animals from diet induced obesity [44] .
Conversely, fat mass represents a reservoir of vitamin D, which is a fat-soluble compound. Vitamin D can accumulate in the body, where it is spread widely, but it is mainly stored in fat tissue and then gradually released. In obese subjects, the enlarged pool of visceral and subcutaneous adipose tissue probably impounds vitamin D and its metabolites, reducing their bioavailability. In fact, in obese people undergoing bariatric surgery, it was demonstrated that an inverse concentration of 25(OH)D was measured in serum and within subcutaneous adipose tissue, showing, respectively, a negative and positive association with body weight and adiposity [45] .
Finally, it has been reported that obese individuals have a reduced extent of sunlight exposure due to lower amount of physical activity and mobility, and also often because of psychological distress [46] .
Vitamin D Deficiency, Insulin Resistance and Diabetes
The deregulation of insulin signaling pathways is the main factor causing reduced insulin sensitivity and then insulin resistance, and insulin resistance is the most frequent cause for T2DM [47] . Increasing evidence suggests that an altered insulin sensitivity, in both humans and experimental animal models, strongly correlates with obesity and hypovitaminosis D. Moreover, it has been established that vitamin D deficiency leads to the development of insulin resistance and T2DM, albeit the biological mechanisms are not fully understood.
The proposed mechanisms by which vitamin D modulates glycemic homeostasis also involve modulation of glucose-mediated synthesis/secretion of insulin by β-cells, increasing both hepatic and peripheral glucose uptake by direct and indirect mechanisms, and blunting inflammation [48] [49] [50] [51] .
VDR and the 1-α-hydroxylase enzyme are expressed in pancreatic β-cells, and it has been reported that 1,25(OH) 2 D may have a role in the regulation of insulin production and secretion [52] ; in particular, it has been demonstrated that 1,25(OH) 2 D acts on pancreatic islets stressed by inflammation and vitamin D deficiency [53] . Moreover, it is well established that normal levels of vitamin D are essential for keeping extracellular calcium concentrations and calcium influx into β-cells for insulin secretion, while VDR signaling might play a direct role in glucose-induced insulin secretion [11] .
In addition to regulating insulin synthesis and secretion, VDR signaling promotes insulin-induced glucose uptake in liver, adipose and skeletal muscle tissues [12] , and 1,25(OH) 2 D directly activates the transcription and expression of the insulin receptor gene and protein [13] [14] [15] in both humans and experimental animal models. Further, it has been also reported that, in vivo, 1,25(OH) 2 D upregulates the expression of GLUT-4 in muscle cells and promotes its translocation in animal model adipocytes [16, 17] .
Another important factor that closely links obesity and insulin resistance is the low-grade chronic inflammation that often is observed in obese subjects as a direct consequence of an amplified production of pro-inflammatory cytokines by macrophages and adipocytes [27] . Vitamin D modulates the immune system, and several studies have demonstrated that, in the presence of central adiposity, vitamin D deficiency correlates with inflammation and reduced insulin sensitivity [27, 54] , while vitamin D supplementation improves them [55] [56] [57] . Vitamin D induces a lower chemokine and cytokine release by adipocytes and the chemotaxis of monocytes, and its effects on systemic and tissue-specific inflammation have been ascribed to multiple factors, including suppressing the NF-κβ pathway, shifting T-helper cells towards the anti-inflammatory TH2 subset, blunting the expression of toll-like receptor 4 (TLR-4) and reducing the differentiation of dendritic cells [19] [20] [21] 58, 59] .
Finally, the adipokine adiponectin, which is secreted by fat tissue in an opposite ratio to the body weight and the body mass index, might represent a potential link between vitamin D deficiency and insulin resistance, since low circulating levels of both are associated with impaired insulin sensitivity, independent of the degree of adiposity [22, 60] . Adiponectin has been shown to have an insulin-sensitizing effect in peripheral tissues, as well as modulatory effects on gluconeogenesis, and its receptors are also expressed in pancreatic β-cells [61, 62] . How vitamin D interacts with adiponectin is not well understood. Probably they are linked because adiponectin and glucose metabolism are regulated by osteocalcin, an osteoblast-derived protein, which in turn is influenced by vitamin D, and also because 1,25(OH) 2 D modulates adipogenesis through a VDR-dependent mechanism [63, 64] , interacting with PPARγ [60, 65, 66] .
Effect of Vitamin D Supplementation on Glucose Tolerance
As stated above, during the last 30 years of investigation on vitamin D, several clinical studies have documented an inverse correlation between circulating vitamin D levels, central adiposity and the development of obesity, metabolic syndrome and glucose homeostasis impairment, both in children and adults [18, [25] [26] [27] [28] [29] [30] [31] . Obviously, to confirm these clinical observations, it is necessary to further explore the effects of vitamin D supplementation on glucose metabolic derangements, in obese, vitamin-D deficient individuals.
Many intervention studies have demonstrated that the replacement of serum 25(OH)D levels in subjects with vitamin D deficiency can improve glucose tolerance in centrally obese but non-diabetic individuals [67, 68] , and that this effect was dependent on the dose and duration of administration [69, 70] . Moreover, in a subsequent study, in which subjects affected by type 2 diabetes were administered calcitriol 0.5 mcg/daily for 12 weeks, an increase in insulin secretion was observed, but no effects on modulation of insulin resistance were seen [71] . Further, studies in which calcium and vitamin D were administered in adult or aged subjects depicted a reduced risk of T2DM and an improvement of plasma glucose and insulin resistance in both healthy subjects and individuals affected by metabolic syndrome [25, 72, 73] .
In contrast, studies in which calcium and vitamin D were administered chronically for 7 years, as in the Women's Health Initiative intervention trial [74] or in osteoporotic fractures prevention trial [75] , did not show a protective outcome against the development of T2DM. The supplementation with high dosages of vitamin D before an oral glucose tolerance test (OGTT) did not report effects on plasma glucose and insulin secretion [76] , and the supplementation with vitamin D for 6 months in diabetic individuals with normal vitamin D status did not induce any improvement in relationships to glycated hemoglobin levels, insulin secretion or resistance [77] .
Finally, only a few intervention studies concerning vitamin D supplementation for obese adolescents have been performed. Two of these were comparable in length (12 weeks) and in study population characteristics, and both studies confirmed positive effects of vitamin D supplementation on glucose homeostasis and/or metabolic syndrome outcomes [78, 79] . However, a subsequent study, on non-diabetic obese adolescents with good vitamin D status, reported that vitamin D supplementation, independent of its dose, did not demonstrate effects on β-cell function or insulin action, while for obese adolescents with hypovitaminosis D and impaired glucose metabolism, vitamin D supplementation determined heterogeneous responses on insulin modulation, which, however, still remain unclear [80] . Further, a recently published large clinical intervention study demonstrated that vitamin D3 supplementation at a dose of 4000 IU per day did not significantly lower the risk of diabetes as compared to placebo [81] .
Conclusions
Vitamin D deficit is strongly linked with obesity, and it is involved in the development of insulin resistance and T2DM. The main reasons of this close relationship are mostly due to the storage of vitamin D in adipose tissue, due to its lipophilic properties, and to its direct action on adipogenesis, regulation of insulin secretion, modulation of insulin sensitivity in peripheral tissues and modulation of immune system.
The treatment of hyperglycemia, or impaired glucose tolerance due to insulin resistance that associated with obesity, is based on lifestyle intervention, with nutritional and physical activity measurements, and even hypoglycemic drugs.
Due to the close link existing between obesity, glucose homeostasis and hypovitaminosis D, it might be desirable to have a good vitamin D status, and grounded on the known mechanism(s) of action of vitamin D, obese individuals might represent the main recipients of the effects of vitamin D on the modulation of insulin sensitivity and T2DM prevention.
However, nowadays, the data from intervention studies with vitamin D supplementation to recover insulin resistance and glucose tolerance are still controversial, both in obese children and adults. Likely, the main reasons of these conflicting results are due to the diverse populations studied, biochemical preparations of vitamin D used, doses and length of supplementation. Then, there is the need for additional randomized controlled trials concentrating on obese subjects with recognized vitamin D deficit and the cautious choice of the dose, dosing schedule and attainment of target 25(OH)D serum level. The trials should also comprise clamp measurements of the in vivo β-cell sensitivity and function to fully depict and understand the effects of vitamin D replacement on insulin resistance.
